ABSTRACT: Alumina catalysts A1, A2 and A3 calcined at 873 K, 973 K and 1073 K, respectively, were prepared. The textural properties (surface area and porosity) of these catalysts were determined from nitrogen adsorption studies at 77 K. The acidity (acid amount, acid strength and surface acid density) was determined from the thermal desorption of chemisorbed pyridine. The catalysts were employed in the conversion of 1-butanol at 473-548 K.
INTRODUCTION
Alumina is used extensively as a catalyst for the dehydration of alcohols (Youssef et al. 1990 . The conversion of ethanol and isopropanol on alumina proceeds via dehydration to the corresponding alkene with the acidic centres on the catalyst's surface being responsible for the dehydration of these alcohols (Moravek and Krauss 1984; Campelo et al. 1986 ). The consistence in the literature concerning ethanol and isopropanol dehydration is very high and, moreover, the dehydration of the latter is used as a probe reaction to explore the characteristics of the surface acidity of aluminas and other possible catalysts (El-Sharkawy et al. 1999) .
However, the literature pertaining to the dehydration of higher alcohols, e.g., 1-butanol or 2-butanol, on alumina catalysts reveals surprising discrepancies. Thus, for example, the dehydration of primary alcohols was found to give 1-olefins (Balaceann and Jungers 1957) , while the generation of mixtures of olefins differing in the position of the double bond (Parkshtis et al. 1985) or even in the carbon skeleton was reported by other workers (Berteau et al. 1987) . The dehydration of cyclohexanol to cyclohexene is often used as a model reaction to determine the catalytic efficiency of metal phosphates (Johnstone et al. 1998) even though the mechanism of the reaction is unknown. These and many similar discrepancies could result from the different surface properties, methods of preparation of aluminas and thermal treatment received during precipitation, drying or calcination. The reaction conditions would be expected to reinforce the kinetics and mechanism of alcohol dehydration on alumina.
In the present investigation, 1-butanol was used as a probe to explore the contribution of some variables to the dehydration pathway of this alcohol and hopefully to clarify, to some extent, the discrepancies in the literature concerning alcohol dehydration reactions in general.
EXPERIMENTAL

Catalyst preparation
Alumina was precipitated from an aqueous solution of Al(NO 3 ) 3 •6H 2 O solution at 473 K using 2 M NH 4 OH at pH = 8 with continuous stirring by means of an electric stirrer. The precipitate was allowed to settle and was then washed with doubly distilled water until free from NO − 3 ions. Drying was continued at 383 K to constant weight. Calcination of the dried alumina was carried out in air for 6 h at 873 K, 973 K or 1073 K to generate catalysts A1, A2 or A3, respectively. All the calcination products were identified by X-ray diffraction as γ-alumina using a Philips PW 1050/25 X-ray diffractometer.
Textural properties
The textural properties (surface area and porosity) of the catalysts were determined by nitrogen adsorption studies at 77 K using a conventional volumetric apparatus. Prior to the adsorption measurements, the catalyst was out-gassed for 6 h at 473 K under a reduced pressure of 10 −5 Torr.
Nitrogen adsorption was followed up to near-saturation and desorption was then allowed to proceed by decreasing the relative pressure until the desorption branch joined the adsorption branch of the isotherm at some intermediate relative pressure,
Acidic properties
The adsorption/desorption of pyridine was determined gravimetrically using silica spring balances. Pyridine was admitted to the evacuated sample and, after appropriate adsorption measurements, the physically adsorbed pyridine was degassed at 423 K. Desorption was completed when the temperature was increased up to 723 K.
Conversion of 1-butanol
The catalytic dehydration of 1-butanol (Aldrich 99.5% anhydrous) was carried out at 473, 498, 523 and 548 K in a quartz flow reactor (1.0 cm i.d.) containing 0.1 g of 100-150-µm catalyst pellets dispersed on a quartz frit. Samples were heated in flowing dry air (0.5 ml/s) for 30 min at 773 K before measurements of the catalytic reaction were commenced. Liquid 1-butanol in flowing helium gas at 1 bar pressure at a carrier flow rate of 50 ml/min was then introduced into the system. The reactant and reaction products were analyzed by means of an on-line gas chromatograph, using a Hewlett-Packard 5890 gas chromatograph equipped with a 30 × 1/8 in column containing 23% SP-1700 Chromosorb PAW.
RESULTS AND DISCUSSION
Textural properties
Nitrogen adsorption was found to be reversible with the corresponding isotherms exhibiting closed hysteresis loops. The isotherms shown in Figure 1 exhibit characteristics corresponding to both type I and type IV isotherms according to a conventional classification system (Sing et al. 1985) . The isotherms of A1 and A2 exhibited a knee at P/P 0 ≈ 0.9 indicating capillary condensation close to the saturation pressure. The conventional BET equation (Brunauer et al. 1938 ) was applied to the adsorption results over the relative pressure range 0.05-0.35 in order to estimate the specific surface area (S BET , m 2 /g) of each catalyst. The calculated surface areas are listed in column 2 of Table 1 .
Two other textural parameters, viz. the total pore volume (V T , ml/g) and the mean pore radius (r, Å) were calculated from the data obtained from the nitrogen isotherm. The former is the volume of liquid nitrogen adsorbed at P/P 0 ≈ 1 while the latter was obtained from the relationship:
The values of V T and r are listed in columns 3 and 4 of Table 1 , respectively. Further analysis of the isotherms using the V l versus t method (de Boer 1970) was carried out to differentiate between the types of pores present in the samples. If such plots were linear, this would indicate the presence of a non-porous structure; an upward deviation would indicate the existence of mesopores; while a downward deviation would indicate microporosity and capillary condensation. The surface area (S t , m 2 /g) was calculated from the slope of the linear plot passing through the origin. The plots of V l versus t are shown in Figure 2 while the calculated S t areas are compared with the S BET areas in Table 1 (column 5). The V l versus t plots indicated that all the catalysts investigated were mainly mesoporous. Increasing the calcination temperature from 873 K to 1073 K led to an increase in their upward deviation, probably due to pore widening. Returning to the textural data presented in Table 1 , the following may be noted:
1. The S t values are in fair agreement with the S BET values, indicating that the cited values describe the textural properties satisfactorily. 2.
Catalyst A1 calcined at 873 K exhibited the highest surface area and total pore volume but the lowest mean pore radius. The surface area and the total pore volume were found to decrease while the mean pore radius was found to increase with an increase in calcination temperature from 873 K (A1) to 973 K (A2) and further to 1073 K (A3). These textural changes brought about by the increase of the calcination temperature relate to the partial sintering of the catalyst which would be complete at temperatures higher than 1073 K.
Acidity and acid strength
In reactions catalyzed by acid sites, the activity, stability and selectivity of the acid solids are obviously determined by the number, nature and strength of such sites. Certain reactions demand strong acid sites, while other reactions can be catalyzed by weak acid sites . Thus, good correlation has been found between the concentration of Brönsted sites and the rate of cumene dealkylation (Mikhail et al. 1979 ) and xylene isomerization (Baertsch et al. 2002) . Apparently, individual Lewis acid sites were not active in these reactions. However, it has been shown that intermediate and weak Lewis acid sites can catalyze the dehydration of alcohols (Pines and Haag 1961). The acidity of the catalysts investigated in the present study was described in terms of the amount of acid chemisorbed at 423 K (a, mmol/g), assuming that below this temperature pyridine would be physisorbed on the solid surface (Youssef et al. 1994) . Column 6 of Table 1 lists the values of the acidity thus determined, from which it will be seen that the amount of acid decreased with increasing calcination temperature over the range 873-1073 K. Increasing calcination temperature was probably associated with the decomposition of relatively weak surface acid sites.
The acidity of the catalysts could also be expressed as the number of acid sites per unit surface area (N a /cm 2 ), assuming that each pyridine molecule was associated with one acid site. The values of this quantity are listed in column 7 of Table 1 and may be considered as corresponding to surface acid density. Evidently, the surface acid density increased with increasing calcination temperature. In order to investigate the strength of the acid sites, the thermal desorption of pyridine was followed over the temperature range 423-723 K. This allowed the determination of the relative acid strength. The corresponding thermal desorption (TD) curves are shown in Figure 3 . Again, the shape of the TD curves depended on the calcination temperature. For A1, the initial slope of the TD curve was relatively steep compared with those for A2 and A3. Figure 4 shows the acid strength distribution curves of the catalysts obtained by differentiating the TD curves depicted in Figure 3 . Generally, the maximum of the distribution curve, T max , was shifted to higher temperature with increasing calcination temperature. It would appear that the alumina calcined at 873 K (A1) contained a large fraction of weak acid sites as indicated by the height and location of its T max value. The height and location of the maximum for A3 indicated that this catalyst possessed the least amount of acid but the highest acid strength.
Catalytic conversion of 1-butanol
The catalytic conversion of alcohols proceeds via two different mechanisms, viz. dehydration (DHD) to alkenes and dehydrogenation to aldehydic and ketonic products. However, it is well established that pure aluminas do not catalyze the dehydrogenation of alcohols while surface Lewis acid sites catalyze the dehydration of alcohols. Other isomerization products may also be obtained when alumina is used as a catalyst for the conversion of alcohols. This is not surprising since acid sites also catalyze isomerization reactions depending on the strength, amount and distribution of these sites and (probably) the reaction conditions. In the present study, the conversion of 1-butanol at 473-548 K was investigated to determine the factors affecting the activity and selectivity of alumina catalysts. Table 2 summarizes the results of 1-butanol conversion on catalysts A1, A2 and A3 over this temperature range when a helium gas flow rate of 50 ml/min was employed.
The following conclusions may be drawn from the data listed in Table 2: 1. Two reactions operated in the conversion of 1-butanol. The major reaction was dehydration (DHD) to 1-butene (major product) and to dibutyl ether (minor product), while the minor reaction was isomerization (IZM) to 2-butenes (cis + trans) and isobutene. 2.
Conversion generally increased with an increase in the reaction temperature, leading to some changes in the distribution of these products. 3.
DHD predominated on the A1 catalyst where IZM products represented about 3% of the product distribution at 473 K and 14% at 548 K. The IZM products represented a considerable fraction of the total conversion for catalysts A2 and A3. Thus, for example, the IZM products at 548 K amounted to 27% of the total conversion of 1-butanol over A2 and amounted to 39% over A3.
The distribution of conversion products can be illustrated more clearly in terms of the selectivity. The catalyst selectivity may be expressed by the relationships: where C DHD is the dehydration yield (1-butene + dibutyl ether) and C IZM is the isomerization yield (2-butenes + isobutene). Trials were made to relate the selectivity of the catalysts investigated to some textural and acidic parameters. For the dehydration of 1-butanol, the most satisfactory relationship was between %S DHD and the amount of acid, a (mmol/g). Figure 5 shows plots of %S DHD as a function of a at various reaction temperatures in the range 473-548 K. For %S IZM , the best relationship was with the surface acid density, N a /cm 2 , measured at 473 K as depicted in Figure 6 . This result suggests that isomerization on alumina was more dependent on the density of the acid sites and was structurally insensitive, i.e. independent of the surface area of the alumina catalyst.
The primary dehydration product of 1-butanol on all the alumina catalysts investigated was expected to be 1-butene. However, because the acid sites on alumina were of different strength, re-adsorption of 1-butene was possible leading to either double-bond migration yielding 2-butenes (cis + trans) or skeletal isomerization to yield isobutene. According to Baertsch et al. (2002) , skeletal isomerization is less favourable energetically and requires strong acid sites (Blasco et al. 1995) .
Returning to the results of 1-butanol conversion listed in Table 2 and presented in Figure 5 , it should be noted that the least amounts of isomerization products were generated by catalyst A1 at 473 K. At this temperature, the conversion of 1-butanol did not give isobutene and only produced 2-butenes (2 wt%). This, together with the highest %S DHD at 473 K, could recommend A1 for the dehydration of alcohols. The thermal desorption curve of chemisorbed pyridine from A1 (Figure 3 ) indicated that most of the acid sites on this catalyst were weak. Dibutyl ether, generated as a minor dehydration product of 1-butanol on A1 at 473 K, may deplete the performance of this catalyst. Dibutyl ether arose from the bimolecular dehydration of 1-butanol. Such bimolecular reactions are generally very slow compared to the monomolecular pathway leading to alkenes, especially at low alcohol concentrations. Increasing the flow rate of the carrier gas is equivalent to decreasing the alcohol concentration, and for this reason the dehydration of 1-butanol on A1 at 473 K was also followed at a helium flow rate of 80 ml/min. 
